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Abstiact

As an assistance in the developient and ver ification of CHF1) miodels of
the hybnidrocket ("purc” o1 “classic”) combustion pr ocess, the objectives of this
study were to bound the refative propottions of radiative and conveetive heat
transfeito the solid fuel and to deteimine the pyrolysis law  for hydroxyl-
terininated polybutadiene (11'1' 1 11) underhybr id heating conditions. Tests wer e
canied out with ahybiid lab window motor, using sever a diagnostic techniques,
ovar arange of molor piessin ¢ and oxidizer mass flux conditions. Thie 1esualts, for
the most pat t, are consistent with tur bulent boundary layer convective heat flux
as the primary mcchanism for drwving regression 1 ate. 1lowever, paiticle
Jadiation from fie powdery soot is a significant heat flux contiibutor forpure
11°'1'1'13 fuel, and should be accounted forin aticmpts to predict fuch egression
I ates and size-scaling effeets.

Nomenclature
a, constantin the expi ession for pas erissivity
d, constant in the expr ession for particle cloud ciissivity
c, specific heat of combustion gases
¥ rocket tiotot char acter istic veloeity
G total specific flow Jate (ormass flux) till oughthe port
G,, oxygen head end specific flow Jate
1. radiation pathlength
N, patticle nuinber density
on oxidizerto fuel Jatio

* Associate Fellow AIAA
1 Mcmber AIAA




iy pressute (expressedin Psi foruse with constar Its given)

11 Prandtl munber

Q heat flux

1, gastemperatuie

1, radiating particle tempclatn ¢

1, surface temperature

X distance from head end of fucl grain

a, weightfiaction of 1adiating particles

¢ total heat flux

b, conveetive heat flux

brp radiative heat Tlux from the gas

G,y ladiative heat flux fiom the particle cloud

M, gas viscosity

o Stefan-13oltzman constant
Introduction

11ybrid propulsion is being considered for advanced launch vehicle
applications duc to the fact that it offers advantages of safety, low cost,
cavitonmentally benign combustion products, atu active per formance and mission
flexibility 1¢lative to cut s ent rocket boosters. ™ A limitation, however, of the
“classic” hybrid rocket conceptis the 1¢giession atc propeitics of the solid fucl.
Regression 1ates tend to be [ow (an order of magnitude lower than solid
propellant 1ates) and dependent upon the fucl prain gecometry. This is because the
rates arc controlled by the fluid dynamics of the boundary layer established
adjacent to the solid fucl surface - the location of the reactants mixing, and
combustion aud the transfer of heat back 1o the fuel surface. These regression
rate propeitics have animpact on the volun etric loading and utilizati oy eflicicncy
of the solid fucl,

Aflerconsider able work during, the 1960's,” hybt id pr opulsion R&1) has
been virtually non-existent untiliceent yed] . Asapatof thisrenewed interest,
IPl., under NASA sponsorship, has been conducting, a hybrid fuel combustion
rescarch program to moderize 01 advance owr state of knowledge of the
combustion process as a mecans of overcoming the above regression rate
limitations. The progran has had thice objectives:

Assist in the development of improved hybi id fuels®
Impi ove ownunderstanding, of the mechanisms contiolling fucl
I cgressionates®




1desenibe the operational chai acteristics, including conibustion
stability and sivze-scaling  cflects, of poposed hyls id
propulsion concepts,™

As an assistance in the development of CEF1 models of the hyta id
combustion process, specific objectives of the workieported here were to bound
the 1 elative proportions of radiative and convective heat transfer to the fuel
suiface in the developed boundar y layeiiegion and to detei mine the pyrolysis law
for hyd oxyl-terminated polybutadiene (1 1111 3) underhyby id 1 ocket heating,
conditions.

Test Progiam

The studics were canied out using a hybr id slab window motor
apparatus shown schematically it Figure 1. It consists of a (]) head-end closuie,
(2) flow straightener /igniter section with (3) flow straightening screens, (4) test
scetion with quat tz viewing pot s, (5) aft combustor section, (6) aft closure with
(1) graphite nozzle, (8) inter nal spacer to contiol burnei ¢ oss-sectional area, (9)
fuel casting base plate, and (10) fuel slab. Single (as shown) orop posed dual
rectanpular fuel slabs have been tested, with pascous oxygen (G OX) as the
oxidizerinjectant. While adaptable to a variety of diagnostic measurement
techmiques, the apparatus is limited to inteinal pressues of less than315 psi (2.2
MI’@) and oxidizcr head-end specific flow rates of less than 0.15Ibm/in®-s (0.01
kg/em®s). Mcasured motor pr essun e-oxidizer flux coraclations for the family of
nozzle thr oat diameters arc shown in Figui ¢ 2. The appai atus has been deseribed
ingicater detail inReference 5.

Measurements made in the slab motor consisted of the following;
fuclicgr essionates (average and local values as a function of
motor axial position) and specific flow 1 ales
motor pressui C
ijectant flow turbulence and1oughness of combustion
combustion efliciency
extinguishab ility of gas-genciatortype hyln id fuels
windowed high- speed video of the combustion process
gastcmper ature and fuel sw face teiperatui
cormponents of 1adiation and convective heat tiansfes

Yorthe tests reported here the slab motor was instiumented pa the
1cspective test configw ations shown in Figui ¢ 3. Configur ation A consisted of
heat flux mcasur ements in the afl 1 egion of the motor with a calor ineter (total)
and radiometer (radiation component). Configut ation B used IR pyrometry to
micasui € the core gas temper at urc and the combusting fuel sur face temperature
in the motor aft region. Configur ation C combined A and 13 - calot imeter and
I adiomctet incasat ements in the aft region and IR pyrometermeaswm cients nthe
forward region of the motor.

Cor ¢ pas tempet ature measurements wei € petformed with aMiki 011
Setics 7718 2-color infiar cd thermometer, The instrument has aficld of view of
25mm (1 inch) diameter and time response (zero to 95% of fimal value) of 40
11s. A Mikion Series MO7S infrared thenmometer was used for the combusting,
fuclsut face temper atur ¢ measurcinents. 1t oper ales a a nan ow wavelenpth
centes cd at 3.88 mictons, which allowed viewing thiough the quar iz window and
penetrat ion thioughthe gascous 1)1 oducts Of combustion. The ficld of view and
timeresponscare25mmn and 100 Ins, 1espectively.
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A 1 lyCal water -cooled asymptotic calor imicter and 1 adiometer wet ¢
miounted 90° to the fucl slab sur faces. Adapters allowed them to be mounted in
the aft window ports such that their sensing sw faces wei ¢ flush with the walls of
the combustor. Calonimeter s with two different full-scale 1anges were used - zeio
to 1 /S 13TUM-s, good up to an exti apolated indicated total flux of about 350
BTUM?-s (95 cal/cin®-s), and azcio to 1000 BTU/Ms (270 cal/cim®-s) unit.
Nominal response times arc 50 ms and 180 ms for the calormeter and
1adiometer, 1 espectively.

Test Results
IFuel Regpression Rates

Additional fuel regression rate data were obtained in association with
the mcasureinents of lemper atures and heat fluxes. The time-averagedrates weie
determined by both before anti afienmeasw ement and weighing of the fuel dlabs.
Results ar ¢ sprown in Figutes4 and 5, topether with analytical mode] caleulated
1 csults published previously.”

The madel is based on the classical dependence of regression x-ate atc
on conveetive heat transfer in the turbulent boundary layer, and isin 1 casonably
good agreciment with the measur ¢d results.  The data, the weight results in
particular, show asomewhat higha dependence on G than predicted by the model
and also the 1educed dependence on G at the upper test values reported
previously.® No clear effect of pressuie is indicated over the pressure range
tested.

Temperature Measurements

Aucxample of the temperature measurements isdisplayedin Figui € 6.
The two IR thermometers initialy read the null values shown, 600°1 (588°K)
and ? 100°1 (1420°K) for the fuel sui face and the gas teinper ature, respectively.
The initial tempetratw crise is duc to the methane/oxygenignition system. At 0.5
sce. methane flow is terminated, the oxygen flow rate israised to its oper ational
level, and the gas temnperatw c and fuel sur-face rise to their cquilibrium values.
Moi ¢ will be said about the gas temper atw es later, in discussing heal fluxes and
C* efhiciency.

The fuel surface temperatur ¢ dataand1cg ession rate datawer ¢ used to
construct an Arrhenius plot, shown in Figui ¢ 7, together with a cor clation of
liter ature pyrolysis data foran 11'1'1' 11 polymer.>'* Data taken at the design
conditions a1 ¢ shown as circulal pointsaud, in addition, aballistic analysiswas
applicd to the peniod of igniter opt] ation to deduce the lower regression rates
existing at that time (the squares). 1t is believed that a majority of the data lic
somewhat below the line because of the di fierences in the amount of carbon
opacifict contained in the HTPI3 fuels used in the carlicr and present studies, 3%
and 0.2 5°/0, respectively.

‘The pyralysis kinetics isan clement of the analytical model. These dat a
wei € used to adjust the Kinetics constants in the model to represent the obser ved
highiersw face temperatus ¢ for agiven ate, as compaied to the. classica pyi olysis
data
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Heat Flux Measurements

Figurc 8 shows ancxarnple of the tracking of the total heat flux and
pressurce data, and Fipure 9 compares the total andradiation heat fluxes for the
samc test. Note, from Figur € §, that ther ¢ is a1 casonably finite time of steady-
state igniter operation to enable use to be made of that data as discussed for the
tempet atw ¢ measwements. VPOl iner casing the oxygen flow 1ate, following,
termination of the igniter, there are immediate responses in both total heat flux
and pressus ¢, whereas the 1adiation component of the heating takes alongeitime
to build up. The initial spike in the convection flux did notoccuroncvery test,
i.e., itappears to bearandom phenomenon. Note the risc in total and radiation
heat flux, chanber pressu ¢, and cor ¢ gas temper ature inunediately prior to
tenmination of the test There was no corresponding, increase in oxypen injection
flow rate to account for it. A possible explanation will be discussed laterin the
section on itr epula combustion. The obsei ved fluctuations in total (convective
component) heal flux ai ¢ typical for these tests and will aso be discussed later.

Significance of the 1 leat Flux Results
Radiation Component

Figure 10 displays the radiation heat flux data together with results of
sets of calculations fi om the analylical model. 1 )ata and cal culations undei the
igniter flow 1 atc conditions are included, appear ing at the very low pressutes.

Radiation from the gas isgivenby:

a_PI.

4 T
@ - BTI(1- e @

The exponential constant, a,, in the expression for pas emissivity is descs ibed by
| v 1 g

ancinpirical expiession obtained fiomradiation measw ements of the combustion

products of a high-enet gy nonaluminized solid propellant !

a,=9.33 x 10" 6.19x10°P 41.79 x 10"°1"?

Calculations are shown for both theoretical and measur ed gas temper atur ¢s, using
the radiation path length (1,) as seen by the radiometer. It is cbserved that the
madel significantly underestimates the radiation heat flux based on the measured

gas temnper atw €8, Using the higher theo ctical gas temper atui €s, the mode] still
und crestimates the radiation at the lower p1 essur cs, hut over estimates the
radiation at the higher pressures. These results are significant to the mechanistic
analysis because they indicate that the heat tiansfer diiving the combustion isnot

being propetly 1epresented inthe model,

The magnitude and trend of the data suggest that there isaiadiation
contiibution fi om aparticle cloud, which has been i evioust y neglected inmodels
of nonaluminized fuels™  Videos of the tests showed exti emely bright
whitenesses einanating, fi ot the combustor window and exhaust plume. | ost-test
examinations Of the burnei1evealed deposits of anextiecly fine powder y soot.
A sample of this soot was studied under a scanning clecti onmicioscope, and was
found to consist of carbon paiticles < 0.1an in size. Such pat ticles would be
highly cflective blackbody cinitters.
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Radiationfrom apar lick cloud is given by:
by T 014 (1 - ) )

The datumpointat 158 psi (1.1 MI'a) was combined with an expression for
pai ticle number density to yield the following expression for the exponential
constant in this expression:

0.134 a ®)
N - 0. - K
ap P 1 4 O/F N O(p

Aunassumnption had to be made shout the paiticle concentr ation in the gas.
Reference was made to an analysisof11'1' 1)11 decomposition that was petformed
for solid 1ocket exhaust plume studics using, [ow simoke p1 opellants.”? On this
basis, it was estimated that the bascline par ticle weight fi action, «,, could be
0.045 at this reference point.

P

Irom the for cgoing expi essions for emissivities, it wouldbe expeeted
that theadiation would increase with pressui e (because of inetcasiug molecular
and par ticle numbei densitics). But the data at the design conditions of the tests
show adect case o1 peak in radiation with inci casing, pr essus €. Some other factor
has come into play, which 1w ns out to have impor tant implications fori cgicssion
1ate analysis and scaling.

The tests as a group covered abr oad 1ange of O/F ratios in order to
achicve the desired specific flow r ates and pressw s, Tests @ the higher
1 essu s tended 1o operate at higher O/F ratios, While the four tests below 250
psi (1.75 M} ’a) on Figur 10 oper ated a O/F 1atios of about 2, the two highest
pressun C tests opet ated at () ratios inexcess of 3. AnO/fF ratio of 2 isclosc to
stoichiometry, a value of 3 is well on the oxidizer-rich side. Thus it can be
expected that gas temperatures dect cased somewhat at the highest pressures
(measur ed gas temperatures were limited to the pressut ¢ range shown by the solid
curve, so values at higher pr essut ¢s at € uncet tain). Radiation is sensitive to
tempet ature. Moreover, it can be expected that the mix of combustion products
changed under the more oxidizer-rich conditions, so that cmissivitics were
affect cd aso.

Itisplausiblc that less soot would be produced at higher values of O/
1atio and pressure. Statting with the bascline 158 psi condition, an ¢stimate was
made of the dcer case in par ticle concent ation needed to account for the
deei cased radiation at higher pressures. It was assumed that the gas tempes atui s
at the higher O/I° ratios decr cased in proportion to the theor etical deer case. The
result was a particle weight fraction of about 0.01. Since the particles are
submicr on, it iS enough to provide a significant, though dea cased, amount of
radiation. If this effcet is primarily one of O/ ratio, not pressure, the radiation
would continue to be significant in large boosters designed to oper ate nea
stoichiometry.

‘The maodel calculations used 111 constiucting Figur ¢ 4 did not account for
pai ticle 1adiation ot changes in O/F ratio.  The apparentabsence of apicsswc
effect in the 1¢egiession r atc data seemed to confirm that 1adiation was
unimportant (as calculated fiomthe pasonly, at the thinner path length scen by
the fucl dat »s), and temper atw € changes with O/F would not be enough to



significantly affect the convective heating dependence upon G. Thus the model
result was dominated by the classical conveetive heating law. Itis now cvident
that the pood agr cement of the model with data (Figu ¢ 4) was a for tuity. Particle
radiation can be an important factor in nonmetalhized fuels, and its vaniation with
changesinthe tcst vari able.s needs to be account ed for.

Conveetion Component

Inorder for the model to be closcly aligned with the data (Figuie 4),
ther ¢ must have been ¢ 1ors in the convective component of the heating to
compensate for neglect of the particle 1adiation and its variations with test
conditions. This was indeed the case, as shown by Figui ¢ 11, The figuwe displays
the conveetive heat flux data together with calculated 1 esults for the theor etical
and measured gas temperatures.  The flapped data points wer € corrected to
compensate forthe fact that they wei ¢ beyond the lincar extrapolation range of the
lowes1ange c.ale) imetor. ata fi omi the low flow 1ate ignitcroper ationarcalso
included.

The convective heat flux used inthe model (as scen by the calorimeter
gauge, inthe absence of sur face transpitation) is expiessed by:

0.8
0.03 6 )

Yot e prr oo T
R, :

¢

Under the steady-state conditions of the tests, the caloulated convective heating,
using the theorcetical gas temperatur ¢ is oo high at the lower values of G. Using,
the mcasus od gas teimper atw es, the caloulated convective heat ing iStoo low at the
higher values of G. Cenditions wher ¢ the model overestinated the convection
cotrespond to those whes ¢ itundei estimated thes adiation.  The ipniter data line
up with the test data that fall along the lines of the theory using the measured gas
{emperatur cs.

Cori elation of Total 1 leat Flux with Regression Rate

Since regression1 ate isaproduct of the response of’ the fuel to the sum
tol al of the heating imposed, and thar ¢ appear ¢d to be compensating
disc epancics between the model and data regar ding the components of the
heating, it was decimed useful to compar € plots of reg ession rate and total heat
flux. This compat ison is shown in Figure 1 2. ]1is obscrved that ther ¢ is good
conclationin the G-dependenee for the total heat flux and 1¢pression ate.

The scatler in the data shown in Figure 12, taken together with
differences between the mode] and data regaiding regression rates and
components of heat flux, raise an impor tant point. Part of what sceins to be data
scatles and discrepancy from theory may actually be variations in proper tics from
test to test that have not been accounted for in using the theory. These include
variations in radiation and gas composition that change with O/ ratio and
pressure. While it would be complicated to include these effects in plots of data
and theory meant {o show the basic G-dependence, they should be accounted for
when inter pretin g individual tests and in making predictions o1 scaling, because
O/F ratio and pressut ¢ do change along with changes in G in the cowrse of
development proprams and tests.
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Significantly, there has not been a single regression late expression that
explicitly includes O/F ratio (whether analytical or empirical), and only a few
include pressure (even for metallized fuels).* Thus it should not be surpr ising that
statistical vaiiations ashipgh as 1 so0 have been found whenapplied apostetioni to
cot1clate existing, data, and as high as 74% whicn applied a priori to predict or
scaleregrcssion rates.*

A final point is that these slab combustor tests have now reached a G
level that touches the low end of therange encounter ed on the JIRAD program

Combustion Yfliciency

C* efliciency was measw od inthe cour sc Of the scrics of tests. A factor
enhancing the accuracy of the results is the absence of nozzle thr oat erosion (a
significant source of C* uncer tainty when pr esentin solid 1 ocket motor tests). It
was found that C* efliciency was low atlow pressures (below about 200 psi (1.4
MI'@)) o at low O/F ratios (below about 1.7, outhe fucl-1 ich side of the
stoichiometric value of 2..0).

Plots of C* efficiency versus pressute and 0471 atio are shown in
Fipgmes13and14,1espectively. I'or the sake of clar ity, the low efficiencics at
low O/ ratio are excluded fiom Figare 13 and the low values at low pressure a1 ¢
excluded from Figaie 14, Thus Figur ¢ 13 shows the eflect of pressure at
favor able O/F, aud Figui ¢ 14 shows thic effect of O/ at favor able pressures.

The efficiency increases With pressur ¢, as would be expected, but is at
highet levels than might be expected considering that there are 110 special mixing,
aids and a lalmato~-y-scale test device isused It is possible that the concern
aboul combustion efliciency With hybr ids has actually been aquestion of eflicient
liquid atomization and not onc of fuel-oxidizer mixing. Significantly, these tests
cmployed gascous oxygen as the injectant. If this asser tion is true, then futur ¢
motor developments should concentrate on the injectant system for the liquid
oxygen more S0 than on aft end motor arrangements for mixing. Priot needs for
such mixing anrangements may have been aconsequence of the liquid atomization
rather than the boundary layer process per sc. The costs of mor ¢ sophistication
in the liquid injection may be worth the potential weight and space savings in the
1 rotor, and may also be helpful to stability of operation.

Figure 14 is interesting because it shows that cflicieney remains highon
the oxidizer-rich side of stoichiometi y, hut falls off rapidly on the fuel-rich side.
A plot of the theor etical therinochemical temperature isincluded to explain this
result Note that the tempaatuic is at a peak neatsloichiometiy, r ematns high ecm
the oxidizer-rich side and falls ofl on the fuel-rich side. This suggests akinetics
1ather than mixing limitation on the combustion of the gases in the burner cavity,
which supports the above asset tion that mixing, per se may 1ot have been the
problem with efficiencies in hybiids, but rathermor ¢ attention should be given
to liquid atomnization Iigur ¢ 14 data also suggest that O/I' excur sions in amotor
design should center on oxidizer -r ichness in ot det to avoid fuel-rich regions.
Thisinformation could be wor th consider able deliver ed perforance points.

Forcornpleteness, the measur ed €or € gas teinper atus ¢s a1 € aso shown
on Fipure 14,

Fipure 15 presents acorrelation of measured C* efficiency with
measw cd gas tempet atur e efficiency.  Since the squat € root of teinper atur €
appears in the definition of C*, the temper slut ¢ efficiency is expressed tn terms
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of thesquarcroot of temperaturciatio. The cunve fit to the data assumes 1000/0

C* cefliciency at 100" % gas temperatui € efticiency, by definition. The cotr elation
was madc as a check onthe credibility of the temperature data, which appears
validated, and also to show the sensitivity of C* efliciency to temperature
1cparding the impot tance of kinetics. The high initial slope of the correlation
indeed shows that C* efliciency issensitive to the tempes slut ¢ developed by the
combustion Since thisis avicious circle type of process, the mor ¢ favor able the
O/ 1atio for higher teimper atur ¢ capability, the better the deliver cd per for mance.

11t egular Combustion

The total heat flux exhibited a modulation in amplitude that bore, in
many cases, arough cott clation with the 3 to 4117 oscillations in pressure often
obscrved in these tests,” with the more rapid time-responsc pressurc signal
oscillations leading in phase. Figare 16 shows a case whete, at a burntime of 2.1
sec., thar € was a distinet rise in the mean pressur ¢ level, with Supcl imposed
higher fiequency oscillations (-30 11z, still well below the acoustic range). A
compar able step inet case in mean total heat flux sy @nd appr oximately
20001: (365 “K) increase in gas tempet ature occuried. The rate of oxygen
injection remained constant. The phenomenon (d.c. shift in mean pressure with
onsct of instability) has the appear ance of the rectification thatoccurs in acoustic
velocity-coul)]cd instability in solid propellantsockets.™

These observations support the car lict postulation® that the diiving
mechanisin for the exhibited sub-acoustic pressw cirregularitics issome type of
flow-combustion turbulence inter action along the sur face of the fucl/propellant
gl ab.

Conclusions

L Anymodel of the hybrid motor ignition process will have tobe able to
deseribe the progression of the fog] surface tempet ature-time profile, as
observed in these experiments,

2. ‘I'he measured fuel sui face temperatu ¢ data wer ¢ in fairagrecment with
liter atur € pyrolysis datafor 11'1'1'11. A probable explanation for the
diflcrence is the higher concentr ation of carbon opacificr contained in
the HHTPB for the latter,

3. Particle radiation fi om fine powdery soot is asignificant contributor to
the heat flux driving the regression rate ofapulcl11'1'1)11 fuel, and should
be accounted for infuture applications of the analytical model to predict
regiession ates and scaling,

4. For the most pat t, measured convective heat flux is consistent with the
turbulent boundary layer law that isthe primar y mechanism for driving
repression 1 ate. To the extent that there is adisc epancy, an adjustinent
could be made to the value of the convection coeflicient in the mode].
Morc data isnceded at higher values of flow rate (G) and pr essut ¢.

S, The G-dependence of regy essionrate isconsistent with that of the total
heat flux impat ted by the comb ustion pr oduets and flow environment

6. While data scatler in plots of iegression 1ate vs, G may be ducinpatt to
vag arics 1hybnd fuel combustion, it is believed that it is aso ducto
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variations in gas propertics and radiation as aflccted by vatiations in
O/¥ ratio and pressure. Fupther, it is believed that failure to account for
these changes i models and empirical corrclations is a reason for
statistical variationsin the data and crrors in predictions and scaling,
Future analytical cftor 1s should 1y to account forthese variations and
possibly exploit them to improve 1 cgression 1 ate propertics.

Combustion efficiency 0f11'1'1'11 with gascous oxygenin alabor atory -

scalc combustor issurprisingly good at pr essut es above 200 psi (1.4
Mpa) and at O/} 1atios that are not too fuel-rich. The maintenance of
high efliciency under oxidizet -rich conditions and the shar p dr op-of!
with fuel-l ichness suggests the manner to handle O/ excursions in a
design to improve perforimance.  Cor elation of cfficiency with the
temperatwi ¢ of the environment, and the achicvement of good efliciency

with gascous oxygen, suggest that fucl/oxidizer mixing has not heen the

limiting problem in hybrid efficiencics. Rather, mot ¢ attention should

be given to liquid atomization, and adequate tempei atur es to enhance
kinetics.
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